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xreji (t+ td) = x
ba














xreji (t+ td) = fns x
ba





ba = (Qrec +Qpurg) x












xreci (t) = x
ba
i (t) , i = 1, 2, 7, 8, 9
¬
1.21a ¯
xreci (t) = ϑ x
ba
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FNGL (t)  t ¬ !¤=d  ¯
×
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pdec,1SNO (t) + p
dec,1
SNH







































SbaNO (t) + S
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ak − t 
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FNGL (x)  t
|~X²"Ê
x˙ = f (1) (x)

tk−1c ≤ t < tkb
x˙ = f (2) (x)

tkb ≤ t < tkc
t 
(
1$%'( ≤ ak ≤ t  (1 	
t 1$%'( ≤ `k − ak ≤ t 1 	
 k = 1 . . .Nc
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«\V¸ ≤ MES ≤ 5 «\V¸ ¯ Ł*|~~(«ŁAVŁl~?l~`¢bÅ¬ 1  ≤ d ≤ 4  Ł 30 
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−1 FNGL (t)−NGL 	
 ≤ 0






−1 FDCO (t)−DCO 	
 ≤ 0






−1 FDBO5 (t)−DBO5 	
 ≤ 0






−1 FMES (t)−MES 	
 ≤ 0





















































(t) + pdec,1XB,A (t)
)]



















































(t) + pdec,1XB,A (t)
)]}

























I (t) + iNBM
(











XbaI (t) + X
ba
S (t) + X
ba






SbaS (t) + fns
[
XbaS (t) + (1− frXI)
(







































(tf − t0) °§±|(ŁllVŁJy|°¤
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x˙ = f (1) (x)

tk−1c ≤ t < tkb
x˙ = f (2) (x)

tkb ≤ t < tkc
t 
(
1$%'( ≤ ak ≤ t  (1 	
t 1$%'( ≤ `k − ak ≤ t 1 	
 k = 1 . . .Nc
0 ≤ NGL 1 	 −FNGL (x)
0 ≤ DCO 1 	 − FDCO (x)
0 ≤ DBO5 1 	 −FDBO5 (x)
0 ≤ MES 1 	 −FMES (x)

t ∈ [t0, tf ]
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x˙ (t) = f (x (t) ,u (t) ,p, t) , t0 ≤ t ≤ tf   2.1a ­
oed
x ∈ Rn Nq[Nuwy6r9{xNrwN|[znpr9v5rz[|gu\¢ﬃu\r9³t5® u ∈ Rm x!FNlr9|[z[NoFt{tvy[z[!r
p ∈ R` jFr9|[Øz[NuØqBvwvt³lr9NuN®RrØz[oFy6rØxu n oFy[z[sr9sjoFy[u<sxyRsjr9sxvxu,uoFy6rØz[oFy[y[NuDc







J (u (t) ,p) =
lnmpobqsrst$u v︷ ︸︸ ︷




u}{eqsz!~p$q︷ ︸︸ ︷∫ tf
t0
L (x (t) ,x (t) ,p, t) z t  f>gfF­
oed°ÚvT}oFyRr9sjoFy[y[xj G : Rn × R` × R → R wNqRwNuNy6r9!ÚvNoyrwwsjÇ[|Rr9sjoFyz[NuØNoy[z[sjrwsxoFyRu.r9Nts8È






J = G (x (tf ) ,p, tf) +
∫ tf
t0
L (x (t) ,u (t) ,p, t) z t   2.3a ­
uoF|[t{sxuBc



















































































































































































j ∈ N (k)
 "fﬃ  ­
oed c
• f (k) z[NusxÒFy[j ke`me t{oﬃz[zR|"u\¢ﬃu\r9³tJr x(k) ®RÃnprEvXrz[| ke`me to>z[Éß
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J = G (x (tf) ,p) +
∫ tf
t0
L (x (t) ,u (t) ,p) z t   2.5a ­
uwo|[tsju<'c









f : Rn × Rm × R` → Rn rxu}oFy[lr9sxoy[y[Njxu G : Rn × R` → R
e
 ^  & 	"s&ﬁﬂ & 2ﬃﬂﬂﬃ*$|ﬂ ! !	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Bv5tsjjr9oy[sxy H zR|"u\¢ﬃu\r9³tJz[[y[sÛqBv c
H (x,λ,u,p) = L (x,u,p) + λT f (x,u,p)  fﬃ  ­
oed




J = G (x (tf ) ,p) +
∫ tf
t0
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x˙ =
f (x, t)
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˙˜x = f˜ (x˜) ﬂ
 ﬃ6
x˜ = (x, t)
,
f˜ (x˜) = (f (x, t) , 1)
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½znp|[y[ZNxvuwuZqBv\r9sx|[xsj³Nãz[Zu\¢ﬃu\r9³tuÔ6¢>Ç[wsjz[Nuz[sjuwwrwuﬃJ5oFy6r9sjy>|Ru
uoFy6rsjNszRFxoFqRq¯NuN¯mÛNuq[[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x˙ = f (1) (x (t) ,u (t) ,p, t)
uws




x˙ = f (2) (x (t) ,u (t) ,p, t)
uws






s (x,u,p, t) < 0
 wuwq
s (x,u,p, t) ≥ 0 ­l^mÛNusjy[ur9vy6r9uz[NoFt{tT|Rr9v5r9sjoFy ti uoFy6rvxoFu<z[[y[sxuqBvc






































































• jq[woÇ[x³tznpoFqRrwsxt{sxuwv5r9sjoFyoFy[uwsjurw!t{sxy[sjtsjuw,xv}oy[rwsxoFy[yRNxj J z[ByRsxqBv c
min
u(t),p
J = G (x (t−1 ) , . . . ,x (t−ns) ,p)+ ∫ tf
t0
L (x (t) ,u (t) ,p) z t   2.16a ­
• ju¢>urw³Nt{!zﬃ¢ﬃy[vtsj|[z[sxuNoFy6rwsxy|"urØz[oFyRy[qBvc




























= 0 , ti ∈ [t0, tf ] , i = 1 . . . ns   2.16e ­
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f (i) : Rn×Rm×R` → Rn rxu}oFy[lr9sjoFy[y[xxu G :
ns
v lnu}{︷ ︸︸ ︷
R
n × · · · × Rn×R` →
R











H(i) (x,λ,u,p) = L (x,u,p) + λT f (i) (x,u,p)  "fﬃ 
  ­


















































































































− (H(i) − λT x˙)
t−i
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, i = 1 . . . ns − 1   2.23e ­
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Jj = Gj (x (t1) , . . . ,x (tns) ,p) +
∫ tns
t0

















Gj = 0 Lj = ωmin [0, φ (x,u,p, t)] Jj = 0   2.26b ­
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Gj = φ (x,u,p, tf) Lj = 0 Jj ≥ 0   2.26f ­
ﬂZyÐ|Rrwsxjsxu9v5yrNuØ}oFwt{Nu@v5y[oFy[sj>|RNuN®oFy"q¯|Rrv5uwuwo>NsjNEBv5>|RNoyrw9vsjy6r9J|[yÐBvt{sxr9oFyRsxNy
Hj rØ|[yFNlr9|[Łv5zXäoFsxy6r λj c
• ½oF|[xu.rC¢>q¯uz[oFy6r99v5sxy6r9u  i ­.r  ii ­ c



















• ½oF|[xu.rC¢>q¯uz[oFy6r99v5sxy6r9u  iii ­<r!  iv ­ c































• ½oF|[xu.rC¢>q¯uz[oFy6r99v5sxy6r9u  v ­r  vi ­c





































ν ∈ Rr xÉNlr9N|Rãz[uÔtT|Rjr9sjq[xsj@v5rwN|[uz[,mvÒFwvy[ÒF5
ﬂZyzRBy[sjuwuwvy6rÉxZNrwN|[ãvzXäoFsjy6r½v|[ÒFt{Ny6r9
λ
rÔxu½}oy[rwsxoFy[yRNxjNuv|RÒFty6r9Nu H r G qBv5 c







H = H0 +
r∑
j=1
νjHj ,   2.31b ­
G = G0 +
r∑
j=1







































































































































, i = 1 . . . ns − 1   2.34e ­
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, i = 1 . . . ns − 1 , j = 0 . . . r   2.34h ­




0 ≤ νj us j ∈ Iineg   2.34j ­
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jNu<oFy[z[sr9sxoy[u<znpoFqRr9sjtv5xsjrwzR|"Bv5tsjjr9oy[sxy H q[v<9vqRq¯oF\rØ u (t) r p 



































































































0 = τ0 < τ1 < · · · < τN < 1   2.38d ­
ÏØyz[u,q[sxy[sxqBv5|ﬃ¡{v@5vy6rEvÒFuA>|RŁq[oﬃ|[wÃnp|Rrwsxxsju9v5rwsxoFy!z[Øq¯oF¢>y*)Ft{NuAz[m½v5ÒF9vyRÒF<Nu\r|[Dc
u (t) = u˜ij
uws


































τβ (1− τ)α τj P(α,β)N
z


















J = G (x (t1) , . . . ,x (tns) ,p) +
∫ tns
t0
L (x (t) ,uN (t) ,p) z t   2.41a ­
x˙ = f (i) (x (t) ,uN (t) ,p) , ∀t ∈ [ti−1, ti] , i = 1 . . . ns   2.41b ­












, i = 1 . . . ns − 1   2.41d ­
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τ (i) − τl
)
z




























x˜ijψ˙j (τl)− f (i) (xN+1,uN ,p) ,
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FNGL (x) z t
uwo|[tsju<'c
x˙ = f (1) (x)
uws
tk−1c ≤ t < tkb
x˙ = f (2) (x)
uws
tkb ≤ t < tkc
t
lnz
w u}z ≤ ak ≤ t lnzw
t
l	
w u}z ≤ `k − ak ≤ t l	w
 k = 1 . . . Nc

















x˙ = f (1) (x)
uws
tk−1c ≤ t < tkb
x˙ = f (2) (x)
uws








u}z ≤ `k − ak ≤ t l	w
 k = 1 . . . Nc
0 ≤ NGL w − FNGL (x)
0 ≤ DCO w − FDCO (x)
0 ≤ DBO5 w − FDBO5 (x)
0 ≤ MES w − FMES (x)

t ∈ [t0, tf ]




oedjNu}oFy[lr9sjoFy[y[xxu FNGL ® FDCO ® FDBO5
r FMES uwoyrJz[lBy[sjNuqBvjNuNÚvXr9sxoy[u  



























k = 1 . . . 2Nc−1 ®FNy6rww<xuãz[|ﬃ¡
t{oﬃzRNuØz[|¤u\¢ﬃu\r9³tTuoFy6rŁzRBy[sjuŁqBv5z[uŁoFy[z[sr9sxoy[uz[oFtt|RrEv5rwsxoFy~¡ﬃq[xsjNsjrwNuØz[xvT}oFwt{
s(k) (p, t) = 0
 ﬃxoFy¦x~rC¢>q¯"z[°NoFt{tT|Rr9v5r9sjoFy  
f (1) yf (2)
o|
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unÍNwsFyr7c 
s(1) (p, t) = a1 − t = 0
s(2k−1) (p, t) =
k−1∑
i=1
`i + ak − t = 0 , k = 2 . . .Nc
s(2k) (p, t) =
k∑
i=1
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(x,λ) = FNGL (x) + λT f (1) (x)   3.4a ­
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gNGL ≥ 0 r gNGL ≤ 0 ÙŁ|Ð}´vsrŁz[Úv
qoFuwsr9sﬃsr9z[JÃnpsxy6rwNÒFwvy6r LNGL (x) ®^ÚvoFy6r99v5sxy6r9 gNGL ≥ 0 uru¢>urwNtv5r9sj|[Nt{Ny6rØFNsjB
mvuw|[xNoyrw9vsjy6r9Ju9v5rwsxu}´v5sxwŁNurØz[oy[


















LNGL (x) z t
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P (t) = x (t) P (t+ ∆t) = x (t+ ∆t)
P˙ (t) = x˙ (t) P˙ (t+ ∆t) = x˙ (t+ ∆t)
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∆t = 15  
∆t = 5  



















































∆t = 15  
∆t = 5  
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c = x˙ (t+ ∆t)− 3 a t2 − 2 b t
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∀Nc ≥ 1 , min{(ak,`k)
1≤k≤Nc
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36 J = 5.47 −1
















































































































































































































































































































































































































































































15 J = 23.73%
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v X ZcX !±q]`
















































5  76 4.90   −1
10 ﬀﬁ 54 4.92   −1
15 ﬀﬁ 39 4.98   −1
20 ﬀﬁ 30 5.08 ﬀ  −1
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v X ZcX !±q]`
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5 ﬁ 60 28.39%
10 ﬁ 31 28.61%
15 ﬁ 22 29.01%
20 ﬁ 17 29.45%
  z
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9   −1 24 32.60%
10   −1 22 29.01%
11   −1 20 25.18%
12   −1 19 20.71%

















































































































































FNGL (x) / t
>9GKE2645> £
x˙ = f (1) (x)
>94
tk−1c ≤ t < tkb
x˙ = f (2) (x)
>94
tkb ≤ t < tkc
t 5768:9
6





− ak ≤ t 5>=8ﬀ


















































FNGL (x) / t
>9GKE?674> £ 
x˙ = f (1) (x)
>94
tk−1c ≤ t < tkb
x˙ = f (2) (x)
>94
tkb ≤ t < tkc
}
k = 1 . . .Nc
t 5768:9
6
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N?c 39 34 38
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N?c 22 18 37
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FNGL (x) / t
>9GKE2645> £
x˙ = f (1) (x)
>94
tk−1c ≤ t < tkb
x˙ = f (2) (x)
>94
tkb ≤ t < tkc
t 5768:9
6





− ak ≤ t 5>=8ﬀ
 k = 1 . . . Nc

































FNGL (x) / t
>TGKE?674> £ 




c ≤ t < t(j−1)Nc+kb




b ≤ t < t(j−1)Nc+kc
 k = 1 . . . Nc ,j = 1 . . . Nj
t 5768:9
6





− ak ≤ t 5>=8ﬀ
}





b = t0 + [(j − 1)Nc + (k − 1)] tf−t0Nc + ak
t
(j−1)Nc+k
c = t0 + [(j − 1)Nc + k] tf−t0Nc
}
k = 1 . . .Nc ,













































































 5.028 ﬀ  −1
30  

 5.006 ﬀ  −1
33  

 4.995 ﬀ  −1
36  

 4.991 ﬀ  −1
39  

 4.996 ﬀ  −1
42  










































































6BD:9IJE?O1;>²t­Éﬁ45p?_F2_DÊ2RF=M_,Ê  Kz(_ {1ª8PBDEZY 67GÃdK1;- /MLBQO;:PBX8P4GD- -2GD8vBD67671;-h8CRF1>T84A;4i3BD:9pK161-h8





































































































































































































































































 ﬀ   )+*-ﬀ ! 	









µ¿U»+ﬂ'¶?Áy¶.¼­·¿H½0¶!U¹ *¤ºu¹®»¿¸'¹¤¸'¹ 9U¹e·¾Ã¼¬¿U½0¶0*D¾2,'¹eº¸., ﬂ'ÁX¿ * (Z¸ (
{1A;BD3AE?32/?1>n=UGK34W8P4IJE?1>aGD=28P456<BD351;>'/MLNBDO;:9BQ8P45GK-^£b35GK-?pb891;:9671S=U1;:T61(8}/ML|GK\2891;-?45:ﬁE?-~¢uGK-2A8P45GK-?-?1f

























































































































































36 J = 4.80 −1
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24 J = 40.25%
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x˙ = v (x, ε) 
G
0 < ε 1 Q B_G\XB3ebO @ G^F_SfAjB_X,P V O\UVMNAQp[LPRM_A Z
	CJ	
	6 C C3b	e
x˙s = ε vs (xs, xf , ε)  4.1a
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x˙s = 0  4.3a
Q
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)− iNBM (ρ1 + ρ2)− (iNBM + 1
YA
)
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X inDCO − f baSS XbaDCO
)− 1
YH
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G^FHS OQM_PbG^U PbUVMNAF_UAlL O\SfSTG^U,P O\g`XAQp
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G^FHS OŁMNPbG\UzPbUVMNAF_UAlL O\SfSTG\UP O\g`XAL[O\UBEebAjSfGL
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)− iNBM (ρ1 + ρ2)− 1
YA
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x˙ = f (x) +
m∑
j=1
gj (x) uj , u = (u1, . . . , um) ∈ U ⊂ Rm  4.22a
ﬀ
yi = hi (x) , i = 1, . . . , p  4.22b
ﬀ
G
x = (x1, . . . , xn)








n ﬀ|p f , g1, . . . , gm





h = (h1, . . . , hp)
T :













x1,x2 ∈ V  bŁ Ł ZPRULPbBHICAF_U[O\],ebAB>= 	Ł? x1Ix2 @BA   C CD Ł?E
	C  m ' ' ﬀGFH 
A
¤ QG&bCiZ	^Ł'  C^bŁYC
u
F









x (0) = x1
F













- C^   	6	C
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UACBzAU e O IG^SfS O\U,LAg`XP3B_G^PMzKgX,P QO\ebAUVMNA
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B_G\U`M V (PRULPRB_ICAF_U[OQ]ebABCp AMe$ G^UvU,G\MNA x1IVx2 pQBHP
D
G^XFIdc[O\g`XA{IG^SfS O\U,LAO\LSfPbB_BHPb]eRAjICG^U,BHMdOQU`M_A

















t ≤ T BHXF<ebAXF<LG\S O\PRUA  ICG^SfS{XUﬀﬂLA
LKa[UPMNPbG\Um
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 C {f , g1, . . . , gm}
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u = (u1, . . . , um) ∈ U m

























yj = hj (x)
p
j = 1, . . . , p
Oﬃ^ACIvebAB3LKF_P^KCAB3M_ACSfDG^FHACeRebACBEBHXICIACB_BHP \ACB
y˙j = Lfhj (x)
p
y¨j = LfLfhj (x)
pmRmmp
j = 1, . . . , p
m



























^AIM { L H (x) |H ∈ O} , x ∈ V  m ':a ﬀ
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BﬁJBﬁM
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SfACUVMfDG\XFyebAIWOQebICX,e LACBfKCeRKCSfACUVMNBfLAZe OuICG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x˙i = Fi (x,u, θ, t) , i = 1, . . . , n  4.30a
ﬀ
yj = Gj (x,u, θ, t) , j = 1, . . . , p  4.30b
ﬀ
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1 ≤ i ≤ n F 1 ≤ j ≤ p F 1 ≤ k ≤ q C^Ł 0 ≤ ` ≤ n+ q − 1 F$ bŁ¡ŁsC^ C  &bC 
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x˙ = f (x, θ) +
m∑
j=1
gj (x, θ) uj , u = (u1, . . . , um) ∈ U ⊂ Rm  4.33a
ﬀ
θ˙ = 0  4.33b
ﬀ
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Pie$ G^UzU,AjLPbBHDG^BHA%D[O\B U,G^UDebX,B<LAje OvICG^UIACUVMNF_OŁ














































MNFHAKaMdO\]eRP3g`XAe O ICG^UIACUVMNF_OQMNPRG^U LABzICG\STD
G^B_KB G^FHkVO\UPRg`XACBT]PbGLKCk\FNO\L[OQ]ebAB
XbaDCO
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[y (tk)− ymesk ]T ·W · [y (tk)− ymesk ]
B_G^XSfPbB
ﬀe
x˙ = f (1,2) (x (t) ,u (t) , θ)
y = h (x (t) , θ)
x (t0) = x0
θL ≤ θ ≤ θU















tk = t0 +kTe  1 ≤ k ≤ Nm ﬀ|p W ACBﬁM~XU,A3STOQMNFHPbIA LA3D
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−1 1.5 % 460 %
θ4 56.0
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DinX inDCO + θ2
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inX inDCO + θ2
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J = G (x (t1) , . . . ,x (tns) ,p, θ) +
∫ tf
t0
L (x (t) ,u (t) ,p, θ)  t ­ 5.2a µ
nFmen¥qÂ
x˙ = f (i) (x (t) ,u (t) ,p, θ) , ∀t ∈ [ti−1, ti] , i = 1 . . . ns ­ 5.2b µ




















= 0 , ti ∈ [t0, tf ] , i = 1 . . . ns ­ 5.2e µ

x ∈ Rn evwnF¤yex}¡p¢vW{:N{¥mÕn¬[nF{-zŁxN| u ∈ Rm xz{ p ∈ R` }xwnxwz{YxwmeuFn£xwNyeex`xW{£xwn
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θp = θn + δθ
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T ­ ×  × µ
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Jj = Gj (x (t1) , . . . ,x (tns) ,p, θ) +
∫ tf
t0





j = 1 . . . r
|myÀxzz{-xzmeu
λj















G = G0 +
r∑
j=1
νj Gj ­ 5.7b µ
H(i) = H(i)0 +
r∑
j=1
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, j ∈ Iact , l = 1 . . . n ­ ×  ÖÖ µ
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(t) ∈ Rn×q xW{   x0
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, ∀t ∈ (t+i−1, t−i ) , i = 1 . . . ns ­ ×  ÖH` µ
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·   x0u   5.23b 
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·   θp −H(ns)t−ns
∂σns
∂pT




























































































·   θp +
∂2H(i)
∂p∂x













































































































































































































































































































p   5.27d 
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j ∈ [1, r] \ I   ­ 5.31b µ
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·   θkx +
∂L
∂uT
·   θku +
∂L
∂pT




































·   x0lx +
∂L
∂uT
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x˙ = f (x,u,p) y = h (x)




















































e (t) = x̂ (t)− x (t) Äij#ﬂg>Æ
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x˙ (t) = K ·ϕ (x)−D · x−Q + F c*7 TD8 d
? E
x ∈ Rnx = ϕ ∈ Rnϕ = K ∈ Rnx×nϕ = D ∈ Rnx×nx = Q ∈ Rnx )H F ∈ Rnx 'ﬁ: *I096%&)4%ZH\3+) *,)G1H+I0_6)GC()G%ZHK.P)
_6) 1 H+)G73 'M :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y′i (tik) = h
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y′ ∈ Rp′ am£mnlnhsmwm}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ω (tk) · ωT (tk)
]
= Qf (tk) Ä 6.8b Æ
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ν (tk) · νT (tk)
]
= Rf (tk) Ä 6.8d Æ































˙̂x (t) = f (x̂ (t) ,u (t) ,p, t) +Kf · [ymes (t)− h (x̂ (t))] Ä   Ï(- Æ
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P˙ (t) = P (t) · fTx
∣∣
x̂














mnh P ∈ Rn×n }smn{}srsmng>hsm fÌfAhZ}Qpalnm¸mÍl3jAfv}spafvgl3mÍm¤w¿m3}Q}sm}
wmQhZpfThZpajvgLrnËgpamF{_fv}2,
P (t) = 
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P (t+k ) = [  n×n − Kf k · hx|x̂(t−k )] · P (t−k ) Ä 6.12b Æ
Kf k = P
(
t−k
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x (t0) [114.93 4.06 0.47 2.05 3.60]
T

















































































































SmesNH − ŜbaNH −1
SbaNO
−1















































SmesO − ŜbaO −1
SbaNH
−1
SmesNH − ŜbaNH −1
SbaNO
−1



























































































































SmesNH − ŜbaNH −1
SbaNO
−1













































SmesO − ŜbaO −1
SbaNH
−1

























































SmesO − ŜbaO −1
SbaNH
−1















































































































































































































XmesDCO − X̂baDCO −1
SbaND
−1
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XmesDCO − X̂baDCO −1
SbaND
−1
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x˙ = f (x,u,p, θ) y = h (x)
u (t) 1 p
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x˙ (t) = f (1,2) (x (t) , θk) , tk−Nm ≤ t ≤ tk
x (tk−Nm) = xk−Nm
θL ≤ θk ≤ θU




































































































 −µ(k−i) (x̂− x)Tt+
k
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x˙ (t) = f (1)
(
x (t) , θ̂k
)
, ti−1c ≤ t ≤ tib
x˙ (t) = f (2)
(
x (t) , θ̂k
)
, tib ≤ t ≤ tic
x (tk) = x̂k
0 = g (p)
0 = s(2i−1) (p, tib)
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η = η0 + k γ˙
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gi (x) ≥ 0 i = re + 1 . . . r  C.1c 
xU ≥ x ≥ xL  C.1d 
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0 ≤ δx− (xk − xL)  C.3d 
0 ≤ −δx− (xU − xk)  C.3e 
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• 2 ¤M°w­®±;dª®¢ª®¨=´©6¨E´ﬂ¥¨¥¨¯­´;+ [ 14 xSC/x|xﬂ6 16 x[S!C/x[yﬂ+]y?SC7@v @B=B^TSxSC'MI= E6wx}CDUy/xﬂK$6/x
O~vKy9@-xP/~vy/yJ=BKO2StvUAC/v<6>=N8.KRxﬂ6&@v_/F8 SxPOx'C?xA5A=NCD5S@v<6D=B8.KT1
ﬃ "!#%$ &('*)+'-,./0)+1324'5.6137-8:9<;>=ﬂ?@;0ACBD;E8F.HG<)+/I.4)+'-1./































DCO = aMES + bMV S
1
Qxﬂ5A=~x[yR6O2StvS!6v<K$6Y}!@SyC?xAH.C?xﬂ6J6v/@-x ^TSx95[xy M|xy/SC?x[yYyD8.K)6H.UﬂKUAC/v@xﬂM|xﬂK)6 }8CJ6wxSy/xyO2SV=NK
Q
8.CJMv£
6D=B8.KRy?SC @vZ5ﬂ8.M}8 yJ=N6D=B8.KIOxP@S =BKSxAK)6zwªNM_¦OM6/xAKxSCxAKM|v<6>=NYAC/xy}~v<CJ6>=N5[S@v=BC?x[yb/=B8EOUAHCwvO~v</@xy










}F8 SC @ SV=NOxAK)6>=D 5%v,6>=B8K¬}~vC/vMIU;6>CJ=B^TSx1
ZSRUTWVYX[ZOX]\^`_+acbQZVed\OV
fZ4dXcg





x[S!C/x[yﬂ1QxybO!8.KKUx[y}MxACJM|x;6D6/xAK)6 OxGC?xA5ﬂ8.KyJ6D=N6/SxAC@xy ?vCJ=v<6D=B8.KEyOScOUA/=6 xﬂ6bOx[y
5ﬂ8.K5[xﬂK)6>Cwv,6>=B8Ky9=BK5ﬂ=BOxﬂK$6/y 6>8 S!6vS@N8.KH Oxy
24
x[SC?x[y&Ox'M|xy/SC?x|zehWikj+lLmlonTpl













































































































































































































































































































































































































τQ (t) ≈ 1 +
N∑
k=1














































































































































sin (2 k pi t)
2 k pi



















































































































































































































−1 DCOin = 343
[^xN_ 
−1 NTKin = 33
[@x(_ 
−1
k αk βk αk βk αk βk
d −0.325 −0.185 0.254 −0.202 −0.070 −0.014
c
0.230 −0.011 −0.093 0.067 −0.018 0.005
a −0.063 −0.006 0.043 −0.020 0.006 −0.006
:
0.051 −0.044 −0.016 −0.017 0.063 0.058













































































































































































































































































• vÂ}+|?xNŁxiN|?x|/x{v v it r {t r xN| r xvuytuŁxŁ|x wEx[y 6 @|/v v it r y#wx DCO »
fSI + fSS + fXI + fXS + fXBH + fXBA = 1
zﬀLmlonT







































































































fXBA ≈ 0 zﬀLml)(
 






































































































fSNO ≈ 0 zﬀLml0/8




























fSNH ≈ 0.67 zﬀLl04
























































NTK 0.61 0.80 0.70 0.69 0.68 0.67
21 $#% 23 $ 23 $ −1 $ 1 $ −3 $ 3 $ −5 $ 5 $ −7 $ 7 $ −9 $ & 
'ﬂ(('
35 37 32 36 33 28
21 23 22 22 22 19
0.60 0.62 0.69 0.61 0.66 0.68 0.67

























































































































































































































































































NTKba (t) = SbaNO (t) + S
ba






























































O Y¥£´P²· ¢¡[²4®±ª ´®©6¢ﬂ¤M±_© ¶­»























































































































































































































































































































































































































I (t) + X
rej
S (t) + X
rej
B,H (t) + X
rej
B,A (t) + S
rej



















































(t) + pdec,1SS (t)
]












































































































































































































































































































































































































































































































O Y¥£´P²· ¢¡[²4®±ª ´®©6¢ﬂ¤M±_© ¶­»
˙˜x1 (t) = fns
[
XbaI (t− td) + XbaS (t− td) + XbaB,H (t− td) + XbaB,A (t− td)
]
+SbaI (t− td) + SbaS (t− td)    























































x˜2, . . . , x˜6
»
O Y¥£´P²· ¢¡[²4®±ª¦±¡À¥±J»







(t) + pdec,1SS (t)
]
 D.19a 
˙˜x3 (t) = X
dec,1
t (t)  D.19b 



































(t)  D.19d 





(t)  D.19e 
O Y¥£´P²· ¢¡[²4®±ª ´®©6¢ﬂ¤M±_© ¶­»
˙˜x2 (t) = S
ba
I (t− td) + SbaS (t− td)  D.20a 








XbaB,H (t− td) + XbaB,A (t− td)
)]
 D.20b 
˙˜x4 (t) = S
ba
NO (t− td) + SbaNH (t− td) + SbaND (t− td) + XbaND (t− td)
+iNXI X
ba
I (t− td) + iNBM
(
XbaB,H (t− td) + XbaB,A (t− td)
)
 D.20c 
˙˜x5 (t) = S
ba
NH (t− td)  D.20d 
˙˜x6 (t) = S
ba
































































































x˜ ∈ R6 x[y v w+y r i~}~v|½S r y  ³y v {Ł|xw+iLJIy{|/x rUv ix{ r t r  i r y%vi|/x
wxvm@tu|ŁxÂ»































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































I& L (Nﬁ 1





































































































































































































































































































































































































































































































































































































































































































−3 fns 2.28 · 10−3 −
bH 0.3




























































































































































































































































































fSI 5 % fXI 10 % fSNH 67 %
fSS 35 % fXS 45 % fSND 2 %































































































































































































































































































































































































































































































































































































































































































































































J (θ) = (y − ymes) ·W · (y − ymes) ﬀ Y' L Wﬁ
3
θ ∈ Rq ?5 + |



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































x˙ (t) = f (1,2) (x (t) , θ)
˙˜x (t) = g (x (t) , θ)
y (t) = h (x (t) , x˜ (t) , θ)

























A (θ) · x (t14  )− yba14 
A (θ) · x (t16  )− yba16 










































































































































∇θJ = 2 r









































 !"ﬃ#$! $ #ﬃ f (1,2)
ﬁ
	































































";:  ﬀ .<(+(1=
*














































































































































































































































































































































































































































x ; x˜ *
1 -@? C_3|4>A1





























x˙ (t) = f (1,2) (x (t) , θ) ﬀ D.27b
ﬁ












































































































































































































































































































































































































































































































































































































































































































































































































































































































 KEﬁ vu FE
	Eﬁ vuwﬃu@Pﬃw<Eﬁ Eﬃﬁkz?x ﬃ z  EEﬃ E%$~w
	

M xvuw z = [0, 1, . . . , nech − 1]

z nech 	ﬁ x
G
M E  EKM z P
L
wFE	E(vMz?x M ﬃ ﬁ	ONu@M ﬃx   z MHM=u
G




M=u@M ﬃ_vuw pi1, . . . ,piq ﬁ q vME w P $ ﬃ u ﬃx{z MﬁAu( ﬃu ﬃ!z?x w<EﬁDx M	 vME2M	Nu@M ﬃ!Eﬁ 	($!Eﬃ!E%$w z ﬁ
 Eﬁ"ONu@M ﬃx   z Mﬁ θˇ
j 
















































































ﬀ j = 1 . . . nech
ﬁ8































































































































































































































































































































































































































































































































































































































· & θ + ∂y
∂x˜T
























· & θ ﬀ D.32a ﬁ
˙˜






· & θ ﬀ D.32b ﬁ
& θ (t0) =  ﬀ D.32c
ﬁ
˜& θ (t0) =  ﬀ D.32d
ﬁ
@ /6414<-6






































































θi , i = 1 . . . q | θi = θ?i ±











































































































































































































































* θi = ±
√Cθii  1−α,ν
θ∗i



















































































 θ1 = f (θ2, . . . , θn)



































































































































































































































































































































hj = ± `1−α√
λj



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 ( & θi ≥ 0, 20)  ﬀ	
ﬁ ﬂﬃ 





















































































































































































































































































































































































































































































































































































































































































































































































−1 − 70.7% 1 090%
iNBM 7.10 10
−2 − 13.2% 160%
bH 5.49 10
−1 & −1 240.4% 177%
fns 2.89 10
−3 − 130.7% 46%
ﬃ 	

















































































































































































































































































































































































































































































































































































































h1 = 1.747 h2 = 0.512 h3 = 0.0201 h4 = 0.0051 +-,/. 0132
Q =

−0.365 0.931 −0.000 −0.003
0.000 0.000 1.000 −0.009
−0.931 −0.365 0.000 0.002





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1ﬀ< ﬁ"$#ﬀ%2& ) *<,.-'
/
%'&0ﬁ- ,3*ﬂ%'4+)1



























































































































































































































































































































































































































































 ( & θi ≥ 0,20)  	
  ﬃ






































































































































































































































































































































































































































































































  td 2  4  6  8 
ﬃ 	
  ( 
 	 ! ﬃ 	  






















































































































































































































































−1 − 79.7% 1 360%
iNBM 6.78 10
−2 − 25.3% 67%
bH 9.41 10
−1 & −1 265.8% 87%
fns 2.45 10



































































































































h1 = 0.552 h2 = 0.348 h3 = 0.0317 h4 = 0.0069 +-,/. 032
Q =

−0.227 0.973 0.040 −0.004
0.002 −0.041 0.999 −0.004
−0.974 −0.227 −0.007 0.002
























































































































































































* ±1 R .` −1 / 3 7 NO3 ; NH4 * 1
NTK ;M*


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































* DCO ; DCOs ; NTK ;
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